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Aging is associated with deterioration in the structure and function of the pulmonary circulation. ヴヰ 
We characterized the lung diffusing capacity for carbon monoxide (DLCO), alveolar-capillary ヴヱ 
membrane conductance (DmCO), and pulmonary-capillary blood volume (VC) response to ヴヲ 
discontinuous incremental exercise at 25, 50, 75, and 90% of peak work (Wpeak) in four groups: ヴン 
1) Young [27 ± 3 y, maximal oxygen consumption (V砦 O2max) 110 ± 18% age-predicted]; 2) ヴヴ 
Young Highly-Fit (27 ± 3 y, V砦 O2max 147 ± 8% age-predicted); 3) Old (69 ± 5 y, V砦 O2max 116 ± ヴヵ 
13% age-predicted); and 4) Old Highly-Fit (65 ± 5 y, V砦 O2max 162 ± 18% age-predicted). At rest ヴヶ 
and at 90% Wpeak, DLCO, DmCO, and VC were decreased with age. At 90% Wpeak, DLCO, DmCO ヴΑ 
and VC were greater in Old Highly-Fit vs. Old adults. The slope of the DLCO-cardiac output (Q砦 ) ヴΒ 
relationship from rest to end-exercise at 90% Wpeak was not different between Young, Young ヴΓ 
Highly-Fit, Old and Old Highly-Fit (1.35 vs. 1.44 vs. 1.10 vs. 1.35 mlCO:mmHg−1:Lblood−1, P = ヵヰ 
0.388), with no evidence of a plateau in this relationship during exercise; this was also true for ヵヱ 
DmCO-Q砦  and VC-Q砦 . V砦 O2max was positively correlated with: 1) DLCO, DmCO, and VC at rest; 2) ヵヲ 
the rest to end-exercise change in DLCO, DmCO, and VC. In conclusion, these data suggest that ヵン 
despite the age-associated deterioration in the structure and function of the pulmonary ヵヴ 
circulation, expansion of the pulmonary capillary network does not become limited during ヵヵ 
exercise in healthy individuals regardless of age or cardiorespiratory fitness level.   ヵヶ 
 ヵΑ 
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NEW & NOTEWORTHY ヶヲ 
Healthy aging is a crucial area of research. This manuscript details how differences in age and ヶン 
cardiorespiratory fitness level affect lung diffusing capacity, particularly during heavy exercise. ヶヴ 
We conclude that highly fit older adults do not experience a limit in lung diffusing capacity ヶヵ 
during heavy exercise. Interestingly, however, we found that highly fit older individuals ヶヶ 
demonstrate greater values of lung diffusing capacity during heavy exercise than their less fit ヶΑ 
age-matched counterparts.  ヶΒ 


























Maximal aerobic capacity (V砦 O2max) has been shown to, at least in part, determined by the Βヶ 
structure and function of the pulmonary vasculature in health and chronic disease (1, 10, 22, 23, ΒΑ 
25). For example, it has been shown that V砦 O2max is positively correlated with resting pulmonary ΒΒ 
capillary blood volume (VC) and pulmonary vasculature distensibility, and inversely related to ΒΓ 
pulmonary vascular resistance at maximal exercise in healthy individuals (23). This suggests that Γヰ 
a larger, more distensible pulmonary vascular network is associated with greater aerobic exercise Γヱ 
capacity in humans. Γヲ 
 Γン 
Measures of lung diffusing capacity for carbon monoxide (DLCO) and nitric oxide (DLNO), Γヴ 
alveolar-capillary membrane conductance (DmCO) and pulmonary capillary blood volume (VC) Γヵ 
are considered to reflect the pulmonary vascular response to whole-body exercise. Indeed, Γヶ 
increased cardiac output and pulmonary perfusion pressure during exercise cause a marked ΓΑ 
expansion of the highly compliant pulmonary capillary network that is associated with an ΓΒ 
increase DLCO, DLNO, DmCO and VC (17, 27, 34). Additionally, it is thought that the ΓΓ 
DLNO/DLCO ratio provides insight into the mechanism by which expansion of the pulmonary ヱヰヰ 
capillary network during exercise occurs, with an increase in the ratio indicating a thinning of the ヱヰヱ 
pulmonary capillary sheet (i.e. predominant vessel recruitment) and a decrease in the ratio ヱヰヲ 
indicating a thickening of the blood sheet (i.e. predominant vessel distension) (13, 23). ヱヰン 
 ヱヰヴ 
Heathy aging is associated with a progressive deterioration in the structure and function of the ヱヰヵ 
pulmonary circulation that is characterized by an increase in pulmonary vascular stiffness, ヱヰヶ 
pulmonary vascular pressures and pulmonary vascular resistance (20, 24, 28). Additionally, from ヱヰΑ 









maturity to senescence there is a decrease in resting VC and DmCO that is consistent with a ヱヰΒ 
reduction in alveolar-capillary surface area (1, 15). These age-related changes in the pulmonary ヱヰΓ 
vasculature may impair recruitment and/or distension of the pulmonary capillaries during ヱヱヰ 
exercise in healthy older adults, subsequently impairing the increase in alveolar-capillary surface ヱヱヱ 
area needed for effective gas exchange and resulting in an excessive rise in pulmonary vascular ヱヱヲ 
pressures relative to the metabolic demand of exercise. However, it has been shown that DLCO ヱヱン 
and VC increase linearly relative to exercise intensity in old as well as young healthy adults (34), ヱヱヴ 
indicating that expansion of the pulmonary capillaries does not become limited during exercise ヱヱヵ 
in these individuals. This finding implies that the changes in the pulmonary circulation that occur ヱヱヶ 
with healthy aging are somewhat mild and not sufficient to affect pulmonary vascular expansion ヱヱΑ 
and the recruitment of effective alveolar-capillary surface area for gas exchange during exercise ヱヱΒ 
in healthy older adults.  ヱヱΓ 
 ヱヲヰ 
The pulmonary vascular response to exercise in aged adults who have maintained a high ヱヲヱ 
cardiorespiratory fitness is, however, currently less well characterized.  Theoretically, better ヱヲヲ 
maintenance of V砦 O2max through conditioning may cause the demand for Q砦  and pulmonary blood ヱヲン 
flow during exercise to remain elevated in endurance trained highly fit older subjects compared ヱヲヴ 
to their younger counterparts. This, in the face of age-related alterations in the structure and ヱヲヵ 
function of the pulmonary circulation, may predispose highly fit older adults to impairments in ヱヲヶ 
pulmonary vascular expansion and pulmonary gas exchange relative to metabolic demand during ヱヲΑ 
exercise. Accordingly, the aim of the present study was to characterize the DLCO, DmCO, and VC ヱヲΒ 
response to incremental exhaustive exercise in healthy, aerobically-trained older adults relative ヱヲΓ 
to their age-matched less aerobically fit counterparts, as well as younger adults of various ヱンヰ 









cardiorespiratory fitness levels. We hypothesized that those older individuals who had ヱンヱ 
maintained an elevated cardiorespiratory fitness would encroach upon their maximal ability to ヱンヲ 
expand the pulmonary vascular network during severe exercise, as evidenced by a plateau and/or ヱンン 




Sixteen young adults (27 ± 3 y) and 15 older adults (67 ± 6 y) who had pulmonary function ヱンΒ 
within normal limits participated in the study (Table 1). The subjects were sub-divided into four ヱンΓ 
groups according to age (≤ 30 y = “young”; ≥ 60 y = “old”) and cardiorespiratory fitness (V砦 O2max ヱヴヰ 
≥140% of age predicted = “highly-fit”). Group 1) Young: age 27 ± 3 y (range 22 – 29), V砦 O2max ヱヴヱ 
110 ± 18% predicted (range 85 – 133) (n = 9); Group 2) Young Highly-Fit: age 27 ± 3 y (range ヱヴヲ 
23 – 30), V砦 O2max 147 ± 8% predicted (range 140 – 163) (n = 7); Group 3) Old: age 69 ± 5 y ヱヴン 
(range 60 – 76), V砦 O2max 116 ± 13% predicted (range 100 – 132) (n = 7, 1 female); Group 4) Old ヱヴヴ 
Highly-Fit: age 65 ± 5 y (range 60 – 74), V砦 O2max 162 ± 18% predicted (range 140 – 198) (n = 8, ヱヴヵ 
1 female) (Table 1). All subjects were healthy and had no history of respiratory, cardiovascular, ヱヴヶ 
or metabolic disease. Each participant gave written informed consent after being provided a ヱヴΑ 
detailed description of the study requirements. The experimental procedures were approved by ヱヴΒ 
the Mayo Clinic Institutional Review Board and were performed in accordance with the ethical ヱヴΓ 













Experimental Procedures ヱヵヴ 
The experimental procedures were conducted during two laboratory visits separated by at least 2 ヱヵヵ 
but no more than 14 days. The subjects abstained from caffeine for 12 h and exercise for 24 h ヱヵヶ 
prior to each visit. During visit 1, pulmonary function was assessed via full body ヱヵΑ 
plethysmography (MedGraphics Elite Series Plethysmograph, Medical Graphics Corporation, St. ヱヵΒ 
Paul, MN, USA) according to standard procedures (26). Next, subjects performed a maximal ヱヵΓ 
incremental exercise test on an electromagnetically braked cycle ergometer (Lode Corival, Lode ヱヶヰ 
B.V. Medical Technology, Groningen, The Netherlands) for determination of peak work rate ヱヶヱ 
(Wpeak) and maximal oxygen consumption (V砦 O2max). Exercise was initiated at 60, 80, or 100 ヱヶヲ 
Watts (W), depending on self-reported fitness, and work rate was increased by 20 W every 2 min ヱヶン 
until volitional exhaustion. Wpeak was calculated as the sum of the final work rate completed plus ヱヶヴ 
the fraction of the partially completed work rate before exhaustion. V砦 O2max was taken to be the ヱヶヵ 
highest mean value within the final 20 seconds of exercise. ヱヶヶ 
 ヱヶΑ 
During visit 2, subjects performed discontinuous graded cycle exercise. Following 5 minutes of ヱヶΒ 
quiet rest, participants cycled for 6 minutes at 25, 50, and 75% of Wpeak, before cycling at 90% of ヱヶΓ 
Wpeak to volitional exhaustion. Between exercise bouts, subjects recovered quietly until heart rate ヱΑヰ 
returned to within 10 bpm of resting values (at least 4 minutes). Additionally, a 1 min ‘warm-up’ ヱΑヱ 
at 40% of the workload about to be completed was allowed before each exercise bout. Lung ヱΑヲ 
diffusing capacity for carbon monoxide (DLCO) and nitric oxide (DLNO) and cardiac output (Q砦 ) ヱΑン 
were measured in duplicate at rest and during the final 90 s of each exercise bout via a rebreathe ヱΑヴ 
technique. ヱΑヵ 
 ヱΑヶ 









Lung diffusing capacity and cardiac output ヱΑΑ 
Lung diffusing capacity for carbon monoxide (DLCO), lung diffusing capacity for nitric oxide ヱΑΒ 
(DLNO), and cardiac output (Q砦 ) were assessed using a rebreathe technique as we have described ヱΑΓ 
previously (5, 36). Using this technique, DLCO, DLNO, and Q砦  are determined via the rate of ヱΒヰ 
disappearance of CO, NO, and acetylene (C2H2), respectively. Briefly, subjects sat upright on a ヱΒヱ 
cycle ergometer and breathed through a two-way switching valve (Hans Rudolph 4285 series, ヱΒヲ 
Hans Rudolph, Kansas City, MO, USA) connected to a pneumotachometer (MedGraphics ヱΒン 
PreVent Pneumotach, Medical Graphics Corporation, St. Paul, MN,USA), mass spectrometer ヱΒヴ 
(Marquette 1100 Medical Gas Analyser, Perkin-Elmer, St. Louis, MO, USA) and NO analyzer ヱΒヵ 
(Sievers 280i NOA, Sievers, Boulder, CO,USA). The inspiratory port of the switching valve was ヱΒヶ 
open to room air or a 6-L anesthesia bag filled with 0.3% CO (C18O), 40 ppm NO, 9% He, 0.6% ヱΒΑ 
C2H2, 35% O2 and N2 balance. The total volume of gas added to the rebreathe bag was ヱΒΒ 
determined as the average tidal volume of the subject during the 20-30 s immediately prior to ヱΒΓ 
each measurement. To ensure the volume of the test gas was consistent across multiple rebreathe ヱΓヰ 
maneuvers the bag was filled using a timed switching circuit that, given a constant flow rate ヱΓヱ 
from the gas tank, resulted in the desired volume. The test gas volume given by the switching ヱΓヲ 
circuit was verified before exercise using a 3 L syringe. Following a normal expiration, subjects ヱΓン 
were switched into the rebreathe bag and instructed to nearly empty the bag with each breath for ヱΓヴ 
8-10 consecutive breaths. A respiratory frequency of 32 breaths per min was maintained by ヱΓヵ 
following a metronome with inspiratory and expiratory tones; this respiratory rate was necessary ヱΓヶ 
in order to collect enough data to correctly trace NO decay. If the subject’s respiratory frequency ヱΓΑ 
was above 32 breaths per min during exercise, the subject was allowed to breathe at a higher ヱΓΒ 









rate. This maneuver was performed in duplicate at rest and during the final 90 s of each exercise ヱΓΓ 
bout. ヲヰヰ 
 ヲヰヱ 
From the measurements of DLCO and DLNO, alveolar-capillary membrane conductance (DmCO) ヲヰヲ 
and pulmonary capillary blood volume (VC) were calculated (5, 32). The coefficient relating ヲヰン 
DLNO to DmCO (g-ratio) was set at 2.26 (5) such that DmCO was calculated as DLNO/g-ratio. ヲヰヴ 
Next, the reaction rate of CO with hemoglobin (しCO) was calculated using the equation derived ヲヰヵ 
by Reeves and Park (5, 29) in which しCO is dependent on the capillary partial pressure of oxygen ヲヰヶ 
(PcapO2): ヲヰΑ ଵఏ಴ೀ ൌ ͲǤͲͲͺ כ ௖ܲ௔௣ܱଶ ൅ ͲǤͲͳͷ͸ Equation (1) ヲヰΒ 
where PcapO2 is estimated as alveolar PO2 – VO2/(DLCO × 1.23) with partial pressures in mmHg ヲヰΓ 
and VO2 in ml/min. Finally, the values of DmCO and しCO were used to solve for VC according to ヲヱヰ 
the following equation derived by Roughton and Forster (31): ヲヱヱ ଵ஽௅஼ை ൌ ଵ஽௠஼ை ൅ ଵఏ಴ೀכ௏௖ Equation (2) ヲヱヲ 
Capillary blood was sampled from an earlobe and measured for hemoglobin (Hb) concentration ヲヱン 
via centrifugal hematology (QBC Autoreader, Bector Dickinson, Port Matilda, PA). VC was then ヲヱヴ 
corrected for standard concentrations of Hb in men (14.6 g/dl) and women (13.4 g/dl) as ヲヱヵ 
calculated VC × (standard Hb concentration/measured Hb concentration). ヲヱヶ 
 ヲヱΑ 
Lung Diffusing Capacity-Cardiac Output Slope ヲヱΒ 
We calculated the slope of the DLCO-Q砦 , DmCO-Q砦 , and VC-Q砦  relationship from rest to end-ヲヱΓ 
exercise in each experimental group by plotting DLCO, DmCO or VC as a function of Q砦 . These ヲヲヰ 
slopes represent unit DLCO, DmCO, and VC changes per unit change in pulmonary vascular ヲヲヱ 









blood flow (Q砦 ) and provide an indirect measure of the hemodynamic response of the pulmonary ヲヲヲ 
circulation to exercise.    ヲヲン 
 ヲヲヴ 
Statistical Analysis ヲヲヵ 
One-way ANOVA with Tukey-Kramer post-hoc analysis (two-tailed) was used to compare 1) ヲヲヶ 
subject characteristics, 2) pulmonary function, and 3) measures of DLCO, DmCO, and VC at rest ヲヲΑ 
and at 90% of Wpeak. The effect of exercise on DLCO, DmCO, VC, and DLNO/DLCO was tested ヲヲΒ 
using a linear mixed effects model. In this model, the dependent variable was DLCO, DmCO, VC ヲヲΓ 
or DLNO/DLCO, and the five exercise levels (rest, 25, 50, 75 and 90% Wpeak) were treated as ヲンヰ 
repeated measures with Q砦  as the continuous variable. Age (young or old) and cardiorespiratory ヲンヱ 
fitness (normal or highly-fit) were included as independent predictor variables. That is, using this ヲンヲ 
model the response of a given variable to exercise as well as the offset in baseline values are ヲンン 
assessed as a function of age and/or cardiorespiratory fitness. Coefficient of determination (r2) ヲンヴ 
was computed to assess the proportion of V砦 O2max that was predicted by 1) resting DLCO, resting ヲンヵ 
DmCO, and resting VC; 2) the change (〉) in DLCO, DmCO, and VC from rest to end-exercise; and ヲンヶ 
3) the DLCO-Q砦 , DmCO-Q砦 , and VC-Q砦  slope in response to exercise. In all analyses, the acceptable ヲンΑ 
type I error was set at P < 0.05. Results are expressed as mean ± SD. The linear mixed effects ヲンΒ 
model was performed in Matlab (version R2016a, MathWorks, Natick, MA); all other statistical ヲンΓ 




Subject characteristics and pulmonary function are shown in Table 1. Group mean age was not ヲヴヴ 
different in Young vs. Young Highly-Fit, or in Old vs. Old Highly-Fit. In addition, all subject ヲヴヵ 









groups were well matched for height, body mass, and BMI. Absolute and relative (to body mass) ヲヴヶ 
V砦 O2max and Wpeak were greater in Young Highly-Fit compared to Young, Old and Old Highly-Fit ヲヴΑ 
(all P < 0.01, Table 1). In addition, V砦 O2max (absolute and relative) and Wpeak were lower in Old ヲヴΒ 
versus Young, Young Highly-Fit and Old Highly-Fit (all P < 0.01, Table 1). Interestingly, ヲヴΓ 
however, neither V砦 O2max nor Wpeak was different in Young vs. Old Highly-Fit (Table 1). ヲヵヰ 
 ヲヵヱ 
Lung Diffusing Capacity at Rest and at 90% Wpeak  ヲヵヲ 
At rest, group mean DLCO, DmCO, and VC were lower in Old vs. Young (P ≤ 0.003) and Young ヲヵン 
Highly-Fit (P < 0.001) (Table 2 and Figure 1). In addition, group mean resting DLCO, DmCO, ヲヵヴ 
and VC were lower in Old Highly-Fit compared to Young Highly-Fit (P < 0.001, 0.016, and ヲヵヵ 
0.021, respectively) (Table 2 and Figure 1). No other differences in resting measures of DLCO, ヲヵヶ 
DmCO, and VC were observed between the four experimental groups (Table 2).  ヲヵΑ 
 ヲヵΒ 
At 90% of Wpeak, group mean DLCO, DmCO, and VC were lower in Old vs. Young (P < 0.001), ヲヵΓ 
Young Highly-Fit (P < 0.001), and Old Highly-Fit (P ≤ 0.050) (Table 2 and Figure 1). Also, ヲヶヰ 
group mean DLCO and DmCO at 90% of Wpeak were lower in Old Highly-Fit compared to Young ヲヶヱ 
(P ≤ 0.019) and Young Highly-Fit (P ≤ 0.001). Moreover, VC was lower in Old Highly-Fit vs. ヲヶヲ 
Young Highly-Fit at 90% of Wpeak (P = 0.016) (Table 2 and Figure 1). These data suggest that, ヲヶン 
at rest and during exercise, lung diffusing capacity and its component parts (i.e. DLCO, DmCO, ヲヶヴ 
and VC) are decreased with age. Additionally, lung diffusing capacity and its component parts ヲヶヵ 
are greater during near-maximal exercise highly-fit older adults compared to their age matched ヲヶヶ 
less fit counterparts. ヲヶΑ 
 ヲヶΒ 











Lung Diffusing Capacity Response to Exercise: effect of age and cardiorespiratory fitness ヲΑヱ 
DLCO, DmCO, and VC rose steadily with increasing Q砦  during exercise, with no evidence of a ヲΑヲ 
plateau and/or decrease in the rate of rise in these variables from rest to end-exercise in any of ヲΑン 
the experimental groups (Figure 1). These data suggest that no group encroached upon their ヲΑヴ 
maximal ability to expand the pulmonary vascular network and increase lung surface area for gas ヲΑヵ 
exchange during exercise.  Throughout exercise, DLCO was significantly lower with greater age ヲΑヶ 
(P < 0.001) but significantly higher with greater fitness (P = 0.016) (Figure 2). DmCO and VC ヲΑΑ 
were significantly lower with greater age (P < 0.001) throughout exercise; the effect of fitness ヲΑΒ 
was not significant (Figure 2). The relationships between lung diffusing capacity and its ヲΑΓ 
component variables (i.e. DLCO, DmCO, and VC) and Q砦  from rest to end-exercise are shown in ヲΒヰ 
Figure 2. The rate of rise in DLCO, DmCO, and VC relative to Q砦  during exercise was remarkably ヲΒヱ 
similar between the four experimental groups. Indeed, there was no significant effect of age or ヲΒヲ 
fitness on the slope of the DLCO-Q砦 , DmCO-Q砦  and VC-Q砦  response to exercise (Figure 2).  These ヲΒン 
data suggest that all groups experienced a similar pulmonary vascular response to exercise. ヲΒヴ 
  ヲΒヵ 
The DLNO/DLCO ratio decreased from rest to throughout exercise in Young (P = 0.033), Old (P ヲΒヶ 
= 0.028), and Old Highly-Fit (P = 0.004), indicating that pulmonary capillary expansion during ヲΒΑ 
exercise was at least partially achieved via vessel distension; this fall was not significant in the ヲΒΒ 
Young Highly-Fit individuals (P = 0.051) (Figure 6). Furthermore, there was no significant ヲΒΓ 
effect of age (P = 0.055) or fitness on the rate of fall in DLNO/DLCO from rest to end-exercise ヲΓヰ 
(Figure 6). ヲΓヱ 









  ヲΓヲ 
 ヲΓン 
Relationship of Lung Diffusing Capacity and V砦 O2max ヲΓヴ 
The relationships between V砦 O2max and 1) resting measures of DLCO, DmCO, and VC, 2) the ヲΓヵ 
change (〉) in DLCO, DmCO, and VC from rest to end-exercise, and 3) the DLCO-Q砦 , DmCO-Q砦 , ヲΓヶ 
and VC-Q砦  slope in response to exercise for all 31 subjects are shown in Figure 3, Figure 4 and ヲΓΑ 
Figure 5, respectively. A significant positive correlation was found between V砦 O2max and resting ヲΓΒ 
measures of DLCO (r2 = 0.587, P < 0.001), DmCO (r2 = 0.402, P < 0.001), and VC (r2 = 0.584, P ヲΓΓ 
< 0.001) (Figure 3). Similarly, there was a significant positive relationship between V砦 O2max and ンヰヰ 
the rest to end-exercise change (〉) in DLCO (r2 = 0.502, P < 0.001), DmCO (r2 = 0.412, P < ンヰヱ 
0.001), and VC (r2 = 0.273, P = 0.003) (Figure 4). Finally, there was a positive relationship ンヰヲ 
between V砦 O2max and the DLCO-Q砦  slope in response to exercise (r2 = 0.152, P = 0.030); the ンヰン 
relationship between V砦 O2max and the DmCO-Q砦  and VC-Q砦  slope in response to exercise was not ンヰヴ 
statistically significant (Figure 5). Together, these data suggest that a higher baseline DLCO, ンヰヵ 
DmCO, and VC, as well as a larger increase these values in response to exercise are associated ンヰヶ 
with greater maximal aerobic capacity in young and older adults regardless of cardiopulmonary ンヰΑ 
fitness level. ンヰΒ 
 ンヰΓ 
DISCUSSION ンヱヰ 
Major Findings: comparison to previous findings ンヱヱ 
In the present study, we characterized the lung diffusing capacity for carbon monoxide (DLCO), ンヱヲ 
alveolar-capillary membrane conductance (DmCO), and pulmonary-capillary blood volume (VC) ンヱン 
response to discontinuous incremental exercise in healthy, aerobically-trained older adults ンヱヴ 
relative to their age-matched less fit counterparts as well as younger adults. We hypothesized ンヱヵ 









that healthy older adults (~65 years old) with a high cardiorespiratory fitness level (V砦 O2max ンヱヶ 
~162% of age-predicted) would encroach upon their maximal ability to expand the pulmonary ンヱΑ 
capillary network during severe cycle exercise, as evidenced by a limit in DLCO, DmCO, and VC ンヱΒ 
near maximal end-exercise. The main findings were: 1) healthy aging was associated with a ンヱΓ 
decrease in DLCO, DmCO, and VC at rest and during near maximal exercise (Table 2); 2) better ンヲヰ 
maintained cardiorespiratory fitness was associated with greater DLCO, DmCO, and VC during near-ンヲヱ 
maximal exercise in older adults (Table 2); 3) there was no plateau (i.e. a limitation) in the DLCO, ンヲヲ 
Vc and DmCO response to exercise in any subject group regardless of age or cardiorespiratory fitness ンヲン 
level (Figure 1); 4) throughout exercise, DLCO, DmCO, and VC were systematically lower in older ンヲヴ 
individuals regardless of fitness, and DLCO was systematically higher with maintained ンヲヵ 
cardiorespiratory fitness regardless of age; and 5) the slope, or rate of rise, of the DLCO-Q砦 , DmCO-Q砦 , ンヲヶ 
and VC-Q砦  relationship from rest to end-exercise was not different between subjects regardless of age ンヲΑ 
or cardiorespiratory fitness level (Figure 2).  ンヲΒ 
 ンヲΓ 
Our findings are confirmatory that healthy aging is associated with a progressive decline in ンンヰ 
resting DLCO (1, 6, 9, 11, 15, 33, 34). For example, Guénard and Marthan demonstrated that ンンヱ 
both DLCO and DLCO relative to minute ventilation (DLCO/V砦 E) are negatively correlated with ンンヲ 
age according to the equations DLCO = 126 – 0.90 × age and DLCO/V砦 E = 13.5 – 0.85 × age, ンンン 
respectively (15). Likely contributors to this age-related reduction in DLCO are a decrease in the ンンヴ 
number of capillaries perfusing the lungs with a reduction in Vc (6, 7, 12), as well as a decrease ンンヵ 
in alveolar surface area with a consequent reduction in membrane diffusing capacity (6, 12). Our ンンヶ 
findings are also in agreement with previous reports that exercise is associated with a marked, ンンΑ 
mostly linear, increase in DLCO, Vc and DmCO in healthy adults (16, 18, 27, 34). This increase, ンンΒ 









at least in part, reflects expansion of the highly compliant pulmonary capillary network ンンΓ 
secondary to the elevation in Q砦  and pulmonary perfusion pressure that occurs with exercise.  ンヴヰ 
  ンヴヱ 
To date, however, there is a relative paucity of data regarding the effect of healthy aging on the ンヴヲ 
lung diffusing capacity response to exercise. In a limited number of subjects (n = 12) of a broad ンヴン 
age range (23 to 79 years), Tamhane et al. reported that DLCO, DmCO and lung diffusing ンヴヴ 
capacity for nitric oxide (DLNO) increased linearly with Q砦  from rest to exercise regardless of ンヴヵ 
age (34). However, while the authors found that age was a significant determinant of resting ンヴヶ 
DLNO, no such analysis was done examining the influence of age on the lung diffusing capacity ンヴΑ 
response to exercise. Additionally, we are unaware of any previous study that has examined the ンヴΒ 
influence of healthy aging plus maintained cardiorespiratory fitness on lung diffusing capacity ンヴΓ 
during exercise. In combination, the present findings suggest that despite the age-associated ンヵヰ 
deterioration in the structure and function of the pulmonary circulation, expansion of the ンヵヱ 
pulmonary capillary network does not become limited during severe exercise (i.e. there is still a ンヵヲ 
reserve to recruit the pulmonary vasculature) in healthy individuals regardless of age or ンヵン 
cardiorespiratory fitness level. In addition, we suggest that maximal oxygen consumption ンヵヴ 
(V掲2max) is positively related DLCO, DmCO, and VC, both at rest and in response to exercise, across ンヵヵ 
all ages and cardiorespiratory fitness levels.  ンヵヶ 
  ンヵΑ 
Lung Diffusing Capacity Response to Exercise: effect of age and cardiorespiratory fitness ンヵΒ 
Exercise is associated with an increase in cardiac output and pulmonary perfusion pressure that ンヵΓ 
causes both recruitment of under-perfused pulmonary capillaries and distension of already ンヶヰ 
perfused pulmonary blood vessels, as evidenced by an increase in DLCO, DmCO, and VC (16, 18, ンヶヱ 
22, 23, 36). The resulting increase in pulmonary blood flow and marked expansion of the highly ンヶヲ 









compliant pulmonary vasculature acts to increase the alveolar-capillary surface area available for ンヶン 
effective gas exchange.  ンヶヴ 
 ンヶヵ 
Healthy aging is associated with a deterioration in the structure and function of the pulmonary ンヶヶ 
vasculature that is characterized by an increase in pulmonary vascular stiffness, pulmonary ンヶΑ 
vascular pressures and pulmonary vascular resistance (20, 24, 28), as well as reductions in ンヶΒ 
resting VC and DmCO (1, 9, 12, 15). It has been shown, however, that despite these age-related ンヶΓ 
changes DLCO does not become limited during heavy to maximal exercise in the older adult of ンΑヰ 
average cardiorespiratory fitness (34). This is likely because the age-associated decline in the ンΑヱ 
maximal metabolic demand of exercise occurs at rate equal to or greater than the deleterious ンΑヲ 
changes in the pulmonary circulation (14, 19, 37). However, it is conceivable that healthy older ンΑン 
individuals who have maintained cardiorespiratory fitness, and thus metabolic demand, at an ンΑヴ 
exceedingly high level may experience a limit in the capacity of the pulmonary vasculature to ンΑヵ 
expand relative to the demand for pulmonary blood flow during exercise. ンΑヶ 
 ンΑΑ 
In the present study, we found that DLCO, DmCO, and VC increased steadily with increasing ンΑΒ 
cardiac output (Q砦 ), with no evidence of a plateau in these variables in both young and old ンΑΓ 
subjects, regardless of cardiorespiratory fitness level (Figure 1). Moreover, the slope of the ンΒヰ 
DLCO-Q砦 , DmCO-Q砦 , and VC-Q砦  relationship from rest to end-exercise was not different between ンΒヱ 
Young, Young Highly-Fit, Old and Old Highly-Fit subjects (Figure 2). This suggests that the ンΒヲ 
recruitment and/or distension of the pulmonary capillaries and thus expansion of alveolar-ンΒン 
capillary surface area remain adequate for the metabolic demand of exercise regardless of age ンΒヴ 
and cardiorespiratory fitness level. In agreement with previous findings, DLCO, DmCO, and VC ンΒヵ 









at rest and during exercise were decreased with advanced age (1, 6, 11, 12, 15, 33, 34). ンΒヶ 
Interestingly, however, we also found that DLCO, DmCO, and VC were greater during near-ンΒΑ 
maximal exercise in highly fit older individuals compared to their less fit counterparts (Figure 1). ンΒΒ 
Additionally, regardless of age, maintained cardiorespiratory fitness was associated with a ンΒΓ 
significantly greater DLCO from rest through to maximal exercise.  ンΓヰ 
  ンΓヱ 
It has been suggested previously that exercise training has no effect on DLCO and its ンΓヲ 
components parts (8, 30). For example, Reuschlein et al. reported no change in DLCO or Vc at ンΓン 
rest and during submaximal exercise from before to after 5 months of combined strength and ンΓヴ 
endurance training (30). By contrast, it has been shown that cardiac and great vessel function is ンΓヵ 
better in older, habitually active, fit adults relative to their more sedentary counterparts. Indeed, ンΓヶ 
Arbab-Zadeh et al. reported that prolonged, sustained endurance training improves stroke ンΓΑ 
volume for a giving filling pressure and preserves left ventricular compliance in aged adults such ンΓΒ 
that the capillary wedge pressure-LV end diastolic volume curve in Masters athletes was ンΓΓ 
indistinguishable from that of young, sedentary control subjects (2). In addition, central arterial ヴヰヰ 
compliance is 20-35% greater in endurance-trained middle-aged and older men compared to their ヴヰヱ 
less active age matched counterparts (35). Furthermore, 3 months of aerobic exercise training ヴヰヲ 
increases central arterial compliance (~25%) in middle-aged men (~53 years) to a level similar to ヴヰン 
that observed in older endurance-trained men (35), possibly due to modified cross-linking of ヴヰヴ 
“stretched” collagen fibres and/or a reduction in the chronic suppressive influence exerted by ヴヰヵ 
sympathetic adrenergic tone (4, 35). Theoretically, it is entirely possible that habitual physical ヴヰヶ 
activity may also better preserve the function of the pulmonary circulation, attenuating the age-ヴヰΑ 
related decline in pulmonary vascular distensibility (28) and compliance, allowing for greater ヴヰΒ 









expansion of the pulmonary capillary network with increasing cardiac output, and thus ヴヰΓ 
facilitating a greater DLCO, DmCO, and VC response to exercise in highly fit older individuals ヴヱヰ 
compared to their less fit counterparts. However, whether preservation of cardiorespiratory ヴヱヱ 
fitness does indeed ‘protect’ against the age-related deterioration of the pulmonary circulation ヴヱヲ 
cannot be deduced from the present findings, and as such remains purely speculative.  ヴヱン 
 ヴヱヴ 
Expansion of the Pulmonary Capillary Network during Exercise: Recruitment vs. ヴヱヵ 
Distension ヴヱヶ 
The mechanism by which the pulmonary vasculature expands to accept increased blood flow and ヴヱΑ 
increase effective alveolar-capillary surface area during exercise is also of interest. In the healthy ヴヱΒ 
pulmonary circulation, vessel distensibility is largely independent of vessel size, location and ヴヱΓ 
animal species (21), but appears to be lower in older adults relative to their younger counterparts ヴヲヰ 
(28). Assessing the change in the ratio between DLNO and DLCO during exercise may allow ヴヲヱ 
insight into whether pulmonary vascular volume increases due to recruitment or distension of the ヴヲヲ 
pulmonary capillaries (13, 23, 27). Specifically, a fall in the DLNO/DLCO ratio with exercise is ヴヲン 
thought to indicate a disproportionate rise in VC relative to DmCO, which in turn suggests ヴヲヴ 
predominant pulmonary capillary distension over recruitment (13). In the present study, all ヴヲヵ 
groups with the exception of the Young Highly-Fit (P = 0.051) demonstrated a significant ヴヲヶ 
reduction in the DLNO/DLCO ratio from rest to end-exercise (Figure 3). This finding suggests ヴヲΑ 
that despite the previously reported decay in pulmonary vascular distensibility associated with ヴヲΒ 
healthy aging, increased blood flow through the pulmonary circulation during exercise is at least ヴヲΓ 
partially achieved via distension of the pulmonary capillaries in old as well as young individuals.  ヴンヰ 
 ヴンヱ 









Relationship between Lung Diffusing Capacity Response to Exercise and V砦 O2max ヴンヲ 
The importance of pulmonary vascular hemodynamics in determining V砦 O2max in both health and ヴンン 
disease is well known (10, 23). Fujii et al. reported that slope of the mean pulmonary artery ヴンヴ 
pressure-to-cardiac output relationship was negatively correlated with V砦 O2max in COPD patients ヴンヵ 
(10). That is, a more compliant pulmonary vasculature, or one that experiences lower vascular ヴンヶ 
pressures, allows for greater maximal aerobic capacity in healthy individuals as well as diseased ヴンΑ 
patients.  ヴンΒ 
 ヴンΓ 
In this study, we did not examine pulmonary vascular pressures in response to exercise. ヴヴヰ 
Conceptually, however, a greater increase lung diffusing capacity relative to cardiac output in ヴヴヱ 
response to exercise could be indicative of a greater ability of the pulmonary vasculature to ヴヴヲ 
expand and accept the increase in pulmonary blood flow whilst minimizing the increase in ヴヴン 
pulmonary vascular pressure. That is, it is conceivable that a steeper DLCO-Q砦  slope during ヴヴヴ 
exercise is reflective of a more compliant pulmonary vascular network. In support of this notion, ヴヴヵ 
we found that DLCO-Q砦  was positively correlated to V砦 O2max across all subjects (Figure 6). In ヴヴヶ 
addition, resting values of DLCO, DmCO, and VC, as well as the absolute change in these ヴヴΑ 
variables from rest to maximal exercise, are positively correlated with V砦 O2max across all subjects ヴヴΒ 
(Figures 3 and 4). That expansion of the pulmonary vasculature appears not to reach a maximum ヴヴΓ 
during exercise (Figure 1) likely serves to allow an increase in the alveolar-capillary surface area ヴヵヰ 
for effective gas exchange whilst minimizing the exercise-induced increase in pulmonary arterial ヴヵヱ 
pressure, pulmonary vascular resistance and right-ventricular afterload, and thus allowing a ヴヵヲ 
greater maximum cardiac output and maximum oxygen consumption in healthy adults regardless ヴヵン 
of age and cardiorespiratory fitness (22, 23, 27).   ヴヵヴ 










Technical Considerations ヴヵヶ 
Effect of acetylene solubility upon calculation of cardiac output ヴヵΑ 
A concern with the use of acetylene uptake in the noninvasive determination of Q砦  is that an ヴヵΒ 
assumption, rather than direct assessment, of acetylene solubility (そ) in individual subjects can ヴヵΓ 
result in considerable error in the measurement of Q砦 . For example, Barker et al. suggested that ヴヶヰ 
failure to account for inter-subject variability in そ can lead to substantial underestimation (up to ヴヶヱ 
27%) or overestimation (up to 13%) of Q砦  in young healthy adults (3). In the present study, we ヴヶヲ 
did not measure, and subsequently account for, between-subject differences in そ upon the ヴヶン 
calculation of Q砦 . However, while any such error may have negatively impacted the accuracy of ヴヶヴ 
our measure of Q砦 , we are able to demonstrate good within-session within-subject reliability of ヴヶヵ 
our acetylene derived Q砦  measure at rest (CV; coefficient of variation = 8.5%). This is ヴヶヶ 
comparable with the CV reported previously by our group for open-circuit acetylene wash-in ヴヶΑ 
estimated Q砦  (17). In addition, although not assessed in the present study, it is likely that the ヴヶΒ 
variability in our measure of Q砦  improved to ~4% during exercise (17). As such, based on the ヴヶΓ 
relatively low CV (i.e. good reproducibility) along with the repeated measures design of our ヴΑヰ 
study, we are confident that our findings are not greatly affected by any underlying variability in ヴΑヱ 
そ between individual subjects. ヴΑヲ 
 ヴΑン 
CONCLUSION ヴΑヴ 
In conclusion, DLCO, DmCO, and VC are decreased with age and increased with greater ヴΑヵ 
cardiorespiratory fitness in older individuals near maximal exercise. Interestingly, there is a ヴΑヶ 
systematic increase in DLCO throughout exercise with maintained cardiorespiratory fitness, ヴΑΑ 









regardless of age. Older highly fit individuals do not appear to encroach upon a pulmonary ヴΑΒ 
vascular limit, and expansion of the pulmonary capillary network is able to adequately increase ヴΑΓ 
DLCO, DmCO, and VC, even during heavy exercise. Furthermore, the response (i.e., rate of ヴΒヰ 
increase) of DLCO, DmCO, and VC to exercise is not altered by age and/or cardiorespiratory ヴΒヱ 
fitness level. Future studies should incorporate measures of pulmonary vascular pressures in ヴΒヲ 
order to elucidate the relationship between increases in lung diffusing capacity and the ヴΒン 
pulmonary vascular response to exercise. ヴΒヴ 
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FIGURE LEGENDS ヵΓヶ 
 ヵΓΑ 
Fig. 1 Group mean values of lung diffusing capacity for carbon monoxide (DLCO), alveolar-ヵΓΒ 
capillary membrane conductance (DmCO), and pulmonary-capillary blood volume (VC) as a ヵΓΓ 
function of cardiac output (Q砦 ) during exercise. DLCO, DmCO, and VC increase relatively linearly ヶヰヰ 
from rest to exercise at 90% Wpeak in all groups. Error bars denote standard deviation from the ヶヰヱ 
mean. Closed circles = Young Highly-Fit (HF); Open circles = Young; Closed squares = Old ヶヰヲ 
Highly-Fit (HF); Open squares = Old. ヶヰン 
 ヶヰヴ 
Fig. 2 Individual values of lung diffusing capacity for carbon monoxide (DLCO), alveolar-ヶヰヵ 
capillary membrane conductance (DmCO), and pulmonary-capillary blood volume (VC) as a ヶヰヶ 
function of cardiac output (Q砦 ) during exercise. The mean and standard deviation of the slope of ヶヰΑ 
the lung diffusing capacity-cardiac output relationship is given for each group; there was no ヶヰΒ 
significant difference in slope between groups for any measure. Closed circles = Young Highly-ヶヰΓ 
Fit (HF); Open circles = Young; Closed squares = Old Highly-Fit (HF); Open squares = Old. ヶヱヰ 
 ヶヱヱ 
Fig. 3 Individual values of V砦 O2max as a function of resting values of lung diffusing capacity for ヶヱヲ 
carbon monoxide (DLCO), alveolar-capillary membrane conductance (DmCO), and pulmonary-ヶヱン 
capillary blood volume (VC). A linear regression was fit to all data points for each measure. ヶヱヴ 
V砦 O2max is positively correlated with resting values of DLCO, DmCO, and VC. Closed circles = ヶヱヵ 
Young Highly-Fit (HF); Open circles = Young; Closed squares = Old Highly-Fit (HF); Open ヶヱヶ 
squares = Old. ヶヱΑ 
 ヶヱΒ 









Fig. 4 Individual values of V砦 O2max as a function of the absolute change (〉) in values of lung ヶヱΓ 
diffusing capacity for carbon monoxide (DLCO), alveolar-capillary membrane conductance ヶヲヰ 
(DmCO), and pulmonary-capillary blood volume (VC) from rest to exercise at 90% of Wpeak. A ヶヲヱ 
linear regression was fit to all data points for each measure. V砦 O2max is positively correlated with ヶヲヲ 
the absolute change in values of DLCO, DmCO, and VC from rest to exercise at 90% of Wpeak. ヶヲン 
Closed circles = Young Highly-Fit (HF); Open circles = Young; Closed squares = Old Highly-ヶヲヴ 
Fit (HF); Open squares = Old. ヶヲヵ 
 ヶヲヶ 
Fig. 5 V砦 O2max as a function of the lung diffusing capacity-cardiac output slope for each ヶヲΑ 
individual subject (from Figure 2). A linear regression was fit to all data points for each measure. ヶヲΒ 
V砦 O2max is positively correlated with the DLCO-Q砦  slope; V砦 O2max is not significantly correlated ヶヲΓ 
with the DmCO-Q砦  or VC-Q砦  slopes. DLCO, lung diffusing capacity for carbon monoxide; DmCO, ヶンヰ 
alveolar-capillary membrane conductance; VC, pulmonary-capillary blood volume. Closed ヶンヱ 
circles = Young Highly-Fit (HF); Open circles = Young; Closed squares = Old Highly-Fit (HF); ヶンヲ 
Open squares = Old. ヶンン 
 ヶンヴ 
Fig. 6 Group mean values of the ratio of lung diffusing capacity for nitric oxide to carbon ヶンヵ 
monoxide (DLNO/DLCO) as a function of cardiac output (Q砦 ) during exercise. DLNO/DLCO ヶンヶ 
falls from rest to exercise at 90% Wpeak in YNGm, OLDm, and OLDh. Error bars denote ヶンΑ 
standard deviation from the mean. Closed circles = Young Highly-Fit (HF); Open circles = ヶンΒ 
Young; Closed squares = Old Highly-Fit (HF); Open squares = Old. ヶンΓ 
 ヶヴヰ 
 ヶヴヱ 









Table 1 Subject characteristics ヶヴヲ 
 ヶヴン 
 Young Young Highly-Fit Old Old Highly-Fit 
Age, y 27 ± 3 27 ± 3 69 ± 5*† 65 ± 5*† 
N (female) 9 (0) 7 (0) 7 (1) 8 (1) 
Height, cm 178 ± 4 178 ± 4 173 ± 4 176 ± 7 
Mass, kg 78.0 ± 5.8 72.5 ± 6.8 73.6 ± 8.8 75.4 ± 9.0 
BMI, kg/m2 24.7 ± 2.0 22.8 ± 2.1 24.8 ± 3.4 24.5 ± 2.2 
Wpeak, W 269 ± 43 338 ± 28* 157 ± 26*† 239 ± 29†# 
V砦 O2max, ml/min 3519 ± 449 4577 ± 419* 2050 ± 381*† 3140 ± 368†# 
V砦 O2max, ml/kg/min 45.3 ± 6.5 63.4 ± 6.0* 28.2 ± 6.4*† 41.8 ± 3.8†# 
% Pred. V砦 O2max 110 ± 18 147 ± 8* 116 ± 13† 162 ± 18*# 
FEV1/FVC 82 ± 6 80 ± 4 78 ± 5 74 ± 5* 
% pred. 99 ± 8 96 ± 5 105 ± 7 98 ± 5 
FEV1, L 4.8 ± 0.4 5.0 ± 0.8 3.2 ± 0.3*† 3.7 ± 0.9*† 
% pred. 106 ± 9 110 ± 13 110 ± 12 112 ± 21 
FVC, L 5.9 ± 0.7 6.3 ± 0.9 4.2 ± 0.4*† 5.0 ± 1.2† 
% pred. 106 ± 10 114 ± 12 104 ± 11 114 ± 21 
FEF25-75, L 4.6 ± 0.7 4.5 ± 1.1 2.9 ± 0.7*† 2.8 ± 1.0*† 
% pred. 100 ± 19 97 ± 21 126 ± 32 104 ± 30 
TLC, L 7.7 ± 0.9 8.0 ± 1.3 6.9 ± 1.0*† 8.2 ± 1.2*† 
% pred. 112 ± 10 116 ± 16 106 ± 12 121 ± 11 
Values are reported as mean ± SD. BMI, body mass index; Wpeak, peak power output during maximal ヶヴヴ 
exercise test; V砦 O2max, maximal oxygen consumption; FEV1, forced expiratory volume in 1 s; FVC, forced ヶヴヵ 
vital capacity; FEF25-75, average forced expiratory volume during middle portion of FVC; TLC, total lung ヶヴヶ 
capacity. Significance set at P < 0.05; *significantly different vs. Young, †significantly different vs. ヶヴΑ 
Young Highly-Fit, #significantly different vs. Old. ヶヴΒ 
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Table 2 Lung diffusing capacity and cardiac output ヶヴΓ 
 ヶヵヰ
 Young Young Highly-Fit Old 
Old 





                          
 Rest  Exercise at 90% of Wpeak 
DLCO, 
ml/min/mmHg 28 ± 4 33 ± 4 17 ± 3*† 23 ± 5†  47 ± 6 53 ± 7 25 ± 3*† 37 ± 10*†# 
DLNO, 
ml/min/mmHg 101 ± 22 112 ± 16 67 ± 10*† 85 ± 18†  153 ± 16 171 ± 18 87 ± 7*† 122 ± 30*†# 
DLNO/DLCO, 
unitless 3.6 ± 0.4 3.4 ± 0.4 4.0 ± 0.6 3.8 ± 0.4  3.3 ± 0.3 3.2 ± 0.2 3.6 ± 0.2 3.3 ± 0.2 
DmCO, 
ml/min/mmHg 45 ± 10 50 ± 7 30 ± 4*† 37 ± 8†  71 ± 12 77 ± 10 39 ± 3*† 54 ± 13*†# 
VC, 
ml 82 ± 20 95 ± 14 44 ± 9*† 68 ± 20†  127 ± 30 149 ± 15 66 ± 10*† 110 ± 29†# 
Q砦 , 
L/min 5.6 ± 2.0 6.2 ± 1.1 3.5 ± 0.6*† 5.1 ± 1.0  17.3 ± 3.1 20.3 ± 2.2 10.3 ± 1.6*† 14.7 ± 3.5†# 
Values are reported as mean ± SD. DLCO, lung diffusing capacity for carbon monoxide; DLNO, lung diffusing capacity for nitric oxide; ヶヵヱ 
DmCO, alveolar-capillary membrane conductance; VC, pulmonary-capillary blood volume; Q砦 , cardiac output. Significance set at P < 0.05; ヶヵヲ 
*significantly different vs. Young, †significantly different vs. Young Highly-Fit, #significantly different vs. Old.ヶヵン 
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